The glucose dehydrogenase genes (Gld) of Drosophila melanogaster, of D. pseudoobscura, and of D. virilis have been isolated and compared with each other in order to identify conserved and divergent aspects of their structure and expression. The exon/intron structure of GZd is conserved. The GZd mRNAs are similar, with a range of 2.6-2.8 kb among the three species. All three species exhibit peaks of Gld expression during every major developmental stage, although considerable variation in the precise timing of these peaks exists between species. Interspecific gene transfer experiments demonstrate that the regulation and function of the D. pseudoobscura Gld is similar enough to the homologous gene in D. melanogaster to substitute for its essential role in the eclosion process. Comparison of the putative promoter sequences has identified both shared and divergent sequence elements which are likely responsible, respectively, for the conserved and divergent patterns of expression observed. The entire coding sequences of the pseudoobscura and melanogaster Gld genes are presented and shown to encode a 6 12-amino-acid preprotein. The inferred amino acid sequences are 92% conserved between the two species. In general the intronic regions of GZd are unusually well conserved.
Introduction
The glucose dehydrogenase gene (Gld) in Drosophila melanogaster exhibits a complex pattern of developmental expression (Cavener et al. 1986; Cavener 1987a; Cox-Foster et al., accepted) . During preadult development, GZd mRNA and enzyme are transiently present at every stage of development. This temporal expression is largely dictated by ecdysone regulation (Murtha and Cavener 1989) . GZd mRNA is expressed in a variety of tissues throughout development but with an apparent restriction to certain epidermal cell lineages. At the adult stage GZd is abundantly expressed only in the male ejaculatory duct. The GLD enzyme is transferred to females during copulation. Virgin adult females express very low levels of GLD in three reproductive tissues (anterior uterus,,ducts of the spermathecae, and the vaginal plate). Previous studies (Cavener 1985 (Cavener , 1989 have shown much interspecific variation in the level and pattern of GZd expression at the adult stage. For example, male D. pseudoobscura does not express GZd in the reproductive tract, whereas male D. virilis expresses GZd in the ejaculatory bulb (but not the ejaculatory duct). Thus, this gene provides an of 1. Key words: glucose dehydrogenase, gene Sequence, Drosophila.
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Prussia, Pennsylvania 19406. opportunity to examine the evolution of gene expression in relatively closely related species. A comparison of the structure, partial DNA sequence, and expression of GZd in these three species (melanogaster, pseudoobscura, and virilis) is presented herein.
Material and Methods

Isolation of Genomic Clones
A genomic DNA library of Drosophila pseudoobscura in the EMBL4 vector was provided by Charles Langley (NIEHS) . A genomic DNA library of D. virilis in the Charon 30 vector was provided by Ronald Blackman (Harvard: University). These libraries were screened according to the procedures of Benton and Davis (1977) by using 32P-radiolabeled restriction fragments of genomic DNA clones of D. melanogaster GZd (Cavener et al. 1986 ). These probes contained exons II and III and/or exon IV, as well as some intronic sequences flanking these exons. High-stringency hybridization conditions (60% formamide/ 1 "C) were used for screening the D. pseudoobscura library. Low-stringency conditions (30% formamide/37"C) were used for screening the D. virilis library. Recombinant phage DNA and Drosophila genomic DNA were prepared according to the unpublished procedures of Drs. Mathew Scott, Amy Weiner, Thomas Kaufman, and Barry Polisky.
Germ-Line Transformation
Drosophila melanogaster embryos were injected with pWGY 17 by using the general procedures of Rubin and Spradling ( 1983) and Spradling and Rubin ( 1983) . The pWGY 17 transformation recombinant carries the wild-type white gene (w) (which confers the dominant red-eye phenotype) as a selectable marker. The host strain is w (X-linked; white-eye phenotype) and homozygous for the immobilized P element A2-3. The A2-3 element is stably integrated on the third chromosome and promotes integration of injected P elements by providing transposase functions in trans. Adult flies arising from pWGY 17-injected embryos (generation GO) were mated with a w strain heteroallelic for two GZd putative point mutations (P4Z and 4. II). G 1 males with red eyes were selected and backcrossed with w P.41/4. II females. G2 flies with red eyes and curly wings (cu is a recessive marker for both P4Z and 4. I I) were analyzed for GZd genetic function.
DNA Sequencing ,
Various genomic restriction fragments isolated from the lambda genomic clones were subcloned into one of the following vectors: Bluescript KS(+) or KS(-) phagemids (Stratagene, Inc.), SP64/65 vectors (Promega Biotec, Inc.), or pEMBL8/9 phagemid vectors (Dente et al. 1983) . A series of terminal deletions were constructed from several of the subclones in the phagemid vectors by using the Henikoff Exo III method (Henikoff 1984; Henikoff and Eghtedarzadeh 1987) . DNA was sequenced using modifications of the dideoxy method of Sanger et al. (1977) . Except for the annealing of oligonucleotide primers, single-stranded and double-stranded DNA sequencing reactions were performed identically. Primers were annealed to single-stranded templates according to a method described by Walker and Gay (1983) . Primers were annealed to double-stranded templates by alkaline denaturation according to a method described by Chen and Seeburg (1985) . The primers used were either complementary to vector sequences adjacent to the inserts or complementary to GZd sequences. The latter primers were synthesized either by the Vanderbilt University Toxicology Center or by the Molecular Biology Core Facility of the Department of Molecular Physiology and Biophysics.
Sequencing reactions with the Klenow fragment of Escherichia coli DNA polymerase were carried out according to a method described by Walker and Gay (1983) . Sequencing reactions with modified T7 DNA polymerase (Sequenase) were carried out using the Sequenase kit of United States Biochemical Corp. To reduce nonspecific chain termination, Sequenase reactions were modified by adding 1 unit Klenow polymerase to each dideoxy termination reaction after the reactions had incubated for 5 min. The reactions were then incubated an additional 5 min at 37°C. [a-35S]dATP was used as the labeling deoxynucleotide analogue in all DNA sequencing reactions. Putative protein-coding regions were sequenced from both strands. Other regions were sequenced from either one or both strands.
Analysis of sequence data was performed on a Compaq 286 computer using the Pustell Sequence Analysis software from International Biotechnologies, Inc.
RNA Analysis
Whole flies of various developmental stages were homogenized in 380 ~1 fly lysis buffer and 20 pl DEPC (Cavener et al. 1986 ). Samples were extracted with 200 u.1 phenol immediately after homogenization and were stored on ice. After all samples had been homogenized, each was extracted further by adding 200 pl chloroform/ isoamyl alcohol and vortexing. Phases were separated by spinning in a tabletop microcentrifuge, and 320 pl of the aqueous layer was extracted with 160 ~1 each of phenol and chloroform/isoamyl alcohol. The phases were again separated by centrifugation, and nucleic acid was precipitated from 280 pl of the aqueous phase with 3 vol icecold ethanol. Nucleic acid concentrations were determined spectrophotometrically (Berger 1987) . RNA was electrophoresed in 1 .O% agarose-2.2 M formaldehyde gels and transferred to either nitrocellulose filters (Schleicher and Schuell BA 85) or nylon membranes (Amersham Hybond N) according to a method described by Maniatis et al. (1982) , with the following modifications: (1) prior to blotting, gels were soaked for 30 min in distilled water and then soaked in 1.5 M sodium chloride, 0.15 M sodium citrate (pH 7.0) for l-2 h; and (2) RNA was cross-linked to nylon membranes via UV irradiation according to the method recommended by Amex-sham. Radiolabeled cRNA probes were synthesized from plasmid subclones which carry bacteriophage SP6, T3, and/or T7 RNA polymerase promoters. Northern blots were hybridized to cRNA probes at 57°C in the presence of 50% formamide, 0.6 M sodium chloride, 8.0 mM disodium ethylenediaminetetraacetate, 0.12 M Tris (pH 7.4), 22.4 uM sodium pyrophosphate, 70 pM sodium dodecyl sulfate, 50 ug heparin/ml. Removal of unhybridized probe was accomplished by washing blots at 68°C in the presence of 0.03 M sodium chloride, 3.0 mM sodium citrate, 70 FM sodium dodecyl sulfate (pH 7.0).
GLD Enzyme Activity
Whole animals were homogenized, centrifuged, and quantitatively assayed for GLD enzyme activity according to a method described by Cavener and MacIntyre ( 1983) . contained the 5' half of the gene. The pseudoobscura library was rescreened using the 3' terminal 2%kb EcoRI-BamHI fragment of hDp 1 as a probe, resulting in the isolation of hDp2. hDp3 (fig. la) was isolated by a third screen of the library by using a 650-bp EcoRI-BarnHI terminal fragment of hDp2 as a probe. A screen of the virilis genomic library by using a melanogaster GZd probe yielded a single clone, XV5 ( fig. 1 b) . A series of restriction-mapping/Southern blot experiments were conducted to interrelate the three species genomic maps. Genomic Southern analyses using intraspecific GZd DNA probes under reduced stringency conditions (28.6% formamide at 42°C) indicated the presence of a single hybridizing fragment corresponding to pseudoobscura Gld and virilis GZd described herein (data not shown). Under these hybridization conditions, restriction fragments must have 275% sequence similarity over an extended sequence to be detected. We interpret these results to mean that Gld is most likely a single-copy gene in these species.
Results
Isolation of pseudoobscura Gld and virilis
Various restriction fragments of the Gld genes of melanogaster, pseudoobscura, and virilis were subcloned into plasmid vectors and subsequently used for the detection of transcripts and for the determination of DNA sequence ( fig. 1 ).
Interspecific GZd Transformation
We constructed pWGY 17, a P-element transformation recombinant bearing the entire pseudoobscura transcription unit plus 2-3 kb of 5' and 3' flanking sequences ( fig. 2 ; see below for description of the gene structure). Two independent transformants containing the entire pseudoobscura GZd transcription unit were obtained in melanogaster hosts. Genomic Southern analysis of these transformants indicated the integration of a single copy of the transforming DNA (data not shown). Both transfor- 
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much earlier in virilis (Pl-4), exhibits a brief decline (P5-6), and then resembles, during the last half of metamorphosis (P7-15), the pattern observed for the other two species. For all three species compared, the rise in GLD activity during metamorphosis is correlated with increases in GZd RNA (fig. 4) . GLD activity remains quite high at the end of metamorphosis, despite a rapid reduction in RNA levels. In general, GLD enzyme endures longer than GZd RNA.
Gene Structure and DNA Sequence Our laboratory had previously determined the structure of melanogaster GZd and the DNA sequence of its promoter region and the first three small exons (Whetten et al. 1988) . We report herein the completion of the sequence determination of the coding region for melanogaster, of the promoter regions for pseudoobscura and virilis, and of the entire coding region for pseudoobscura.
Using DNA probes corresponding to the promoter region of Drosophila melanogaster GZd, we mapped the putative promoter regions of pseudoobscura GZd and virilis GZd (data not shown). The DNA sequences for all three species for this region are compared in figure 5 . The 5' end of the melanogaster GZd 2.8-kb mRNA (denoted + 1) was elsewhere mapped by primer extension and RNase protection experiments (Whetten et al. 1988 ). The octanucleotide CTGAGTCG corresponding to the putative start site is identical in the three species. This sequence conforms moderately well with a previously published start-site consensus sequence for Drosophila (Cherbas et al. 1986; Hultmark et al. 1986 ). Upstream of the start site beginning at -3 l/-30 is a sequence resembling a TATA box. Although the order of T and A nucleotides is somewhat unusual in this sequence (Breathnach and Chambon 198 l) , the sequence is flanked by a high GC content and is positioned upstream of the start site, within the relatively narrow range described for other Drosophila genes (Hultmark et al. 1986 ). The most interesting sequence upstream of the TATA box is a perfect 1 1-bp palindrome (AGCTTTAAGCT) found in all three species. Its conservation is contrasted by flanking regions which exhibit very poor conservation. Furthermore, the distance between the palindrome and the start site of transcription varies considerably among the three species. A perfect lo-bp direct repeat in melanogaster (AATTTAGACC, -157) is not present in pseudoobscura or virilis.
The GZd leader sequence is unusually large in all three species (344 nt in melanogaster, 370 nt in psetidoobscura, and 398 nt in virilis) (fig. 6 ). The first 50 nt of the leader are highly conserved (38 of 50 identical nucleotides), whereas the rest of the leader clearly is not. The pseudoobscura and virilis GZd leader sequences each contain two upstream open reading frames (uORFs), unlike melanogaster, which is devoid of any uORFs in its leader sequence. The two uORFs in the pseudoobscura and virilis leaders show little base-pair similarity. Furthermore, the AUG codons in all four of these uORFs are in a poor sequence context as previously defined for Drosophila (Cavener 19873) . All four contain pyrimidines at the crucial -3 position, and two of them contain pyrimidines at the +4 position. Pyrimidines at the -3 position are rare among eukaryotic functional translation start sites, particularly if a pyrimidine also occurs at the +4 position (Cavener 1987b; Kozak 1987 mRNA; open bars denote GLD enzyme activity. E = embryos; 1, 2, and 3 = first-, second-, and third-instar larvae, respectively; for these stages, a = early and b = late. Pl-P15 are the metamorphic stages (prepupae, pupae, and pharate adults) as described by Bainbridge and Bownes (198 1) . The relative amount of Gld RNA was estimated by scanning autoradiograms of northern blots with a laser densitometer and by normalizing to either the total amount of RNA (Drosophila melanogaster and D. pseudoobscura) or the relative amount of rp49 mRNA (D. virilis). RNA units are normalized OD units multiplied by a constant factor for scaling to the y-axis. Because different hybridization probes are used for the RNA analysis of each of the species, absolute differences in RNA levels between species cannot be determined by these data. GLD enzyme activity was determined spectrophotometrically. GLD enzyme activity = 10 X nmol sodium 2,6-dichloro- (Cavener 1987b; Kozak 1987) .
The entire coding region for melanogaster and pseudoobscura is presented in figure 8 . The inferred amino terminus contains an extended hydrophobic region characteristic of signal sequences (Heijne 1986 ) which exist for secreted proteins. GLD has been shown to be secreted at two developmental stages (Cavener and MacIntyre 1983; Cox-Foster et al., accepted) . It is interesting to note that, although the coding region contained within exons II and III is highly conserved overall between these two species, the first seven residues contain four substitutions. Poor conservation of signal sequences has previously been noted by Kreil ( 198 1) . Three potential N-linked glycosylation sites (residues 242, 280, and 442) are conserved.
Overall, the GZd coding region is 92% conserved (560 of 6 12 residues) (table 1). The 52 amino acid replacements are not uniformly distributed over the three exons (G = 6.98, df = 2, P < 0.05). Only a single amino acid replacement (a conservative serine-to-threonine change) is observed between residue numbers 8 and 128.
The percentage of synonymous substitution was calculated by the method of Lewontin (1989) (table 1) . In total, 255 (39.5%) of the 645 synonymous positions have been substituted. Unlike replacement changes, the synonymous changes are randomly distributed over the three coding exons (x2 = 3.62, df = 2, 0.1 < P < 0.25). -t-308 t340 t354
Evolution of Gld in Drosophila 167 ******** ********* ************ *** **** *** ** * ~AzJ~TXYSWAA~---~C cIIGAGIyx;GIIAAcGGIyW~~~cG~ ~~TTGXXXXnrrna highly conserved than the intronic sequences, the introns are surprisingly well conserved. Thirty-five sequence segments of a length >24 bp show a sequence similarity 3.80% in -2.5 kb of intronic sequence analyzed in these two species. Furthermore, these conserved sequence segments are generally dispersed throughout the introns. In contrast, the intronic sequences of the hsp82 genes of these two species are so poorly conserved that an alignment of the two sequences can only be made in a few regions . Asterisks denote mekznoguster splice sites identified via high-resolution transcript mapping (Whetten et al. 1988) . Abbreviations are as in fig. 5 . (Blackman and Meselson 1986) . One of the highly conserved intronic regions of Gld contains the YYRR box, a tetranucleotide tandem repeat reported elsewhere . It is curious that the largest segment (45 bp) of DNA sequence perfectly conserved in both melanogaster GZd and pseudoobscura GZd occurs in the 3' untranslated region immediately downstream of the coding region.
Discussion
The copy number and structure of GZd appear to be well conserved among the three Drosophila species (melanogaster, pseudoobscura, and virilis) studied herein. However, these three species are relatively distantly related (Beverly and Wilson 1984) and their GZd genes exhibit somewhat different temporal and spatial patterns of expression. During preadult development the temporal pattern of GZd expression in virilis is quite different from that in melanogaster and pseudoobscura. Inasmuch as the temporal pattern of GZd expression in melanogaster is regulated by ecdysone (Murtha and Cavener 1989) , it is possible that virilis differs as a direct result of a different ecdysone expression pattern.
Although the GZd genes of the three species studied are obviously homologous, we wished to determine whether they are functionally interchangeable. The method of germ-line transformation provides a test of interspecific genetic complementation which requires both the proper regulation of heterologous transduced genes and the proper biochemical activity of the gene product. We have shown here that, although D. pseudoobscura GZd expression and sequence may differ in many ways from those of D. melanogaster, they are still capable of complementing the genetic function of D. melanogaster GZd. Given this important demonstration of interspecific genetic complementation, we are now poised to examine the molecular details of the regulatory Evolution of Gld in Drosophila 175 genes support their model. However, the GC content of hsp82 introns and exons and that of GZd introns and exons are very similar to each other, and therefore their model cannot account for the large differences in the level of nucleotide substitution between these genes. In conclusion we are unable to offer a compelling hypothesis to explain the large differences in intronic sequence divergence exhibited by the melanogaster and pseudoobscura Gld and hsp82 genes.
Sequence Availability
These sequences have been deposited in GenBank under accession numbers M29298, M29299, and M29300.
